The contribution describes the effect of the fixed and removable orthodontic appliances on spectral properties of emotional speech. Spectral changes were analyzed and evaluated by spectrograms and mean Welch's periodograms. This alternative approach to the standard listening test enables to obtain objective comparison based on statistical analysis by ANOVA and hypothesis tests. Obtained results of analysis performed on short sentences of a female speaker in four emotional states (joyous, sad, angry, and neutral) show that, first of all, the removable orthodontic appliance affects the spectrograms of produced speech.
INTRODUCTION
At present, orthodontic appliances of various kinds are widely used by children as well as adults. Many of them cause problems with articulation and speech intelligibility. It is valid mostly for lingual appliances [1, 2] . Similar effect had been studied also for dental prostheses [3] [4] [5] [6] [7] . However, since articulation together with phonation and respiration is affected by physiological changes accompanying emotional arousal of a speaker [8] , it might be expected that different emotions manifest differently in speech uttered while wearing the orthodontic appliances. Our present work is aimed at investigation of influence of the upper removable plate and the lower conventional fixed orthodontic brackets and their combination on emotional speech representing anger, joy, sadness, and a neutral emotional state for comparison.
SUBJECT AND METHOD
The effect of the fixed and removable orthodontic appliances on spectral properties of emotional speech should be evaluated by a listening test as a subjective comparison criterion. However, a problem with repeating of this test in a short time interval together with often non-representative results motivated us to find another method for evaluation. Our alternative evaluation approach was visual comparison and matching of displayed spectrograms. This method works in time/frequency domain and we can compare speech corresponding to a short sentence or an isolated word by this approach. Disadvantage of subjectivity of this method can be eliminated by spectrogram classification with the help of statistical parameters analysis.
Short Description of Orthodontic Appliances
An orthodontic appliance is a mechanism for application of a pressure to the teeth and their supporting tissues to produce changes in the relationship of the teeth and/or the related osseous structures [9] . There are two large categories of these appliances: fixed and removable. The appliances can be active or passive -some of them actively move the teeth, while others, such as retainers, are designed to keep the teeth where they are [10] . The orthodontic appliances are custom-designed and built for the individual patient. Typical types of the fixed orthodontic appliances are braces (from stainless steel, alloys of nickel, titanium, copper, and cobalt), in which small metal brackets are bonded to the centre of the teeth. A metal wire is then run horizontally through the brackets to connect them -see Fig. 1a ). Removable orthodontic appliances are devices that can easily be taken off by the patient. The removable appliance consists of an active element or elements (ie metal wires and/or screws), which exert orthodontic forces on the teeth, and retentive elements (ie clasps), which help to retain the appliance in the mouth. A plastic plate holds these two sets of elements together -see Fig. 1b ).
Spectrogram calculation, displaying, and
comparison In general, the analyzed speech signals (isolated words or short sentences) used in a comparison experiment can have different time duration. Therefore, time domain normalization must be carried out before the spectrogram calculation. For this time duration normalization the linear or non-linear time scale mapping function [13] , or dynamic time warping (DTW) algorithm can be used [14] -see the block diagram of the spectrogram calculation in Fig. 2 . However, results of visual comparison of the whole spectrograms (representing speech signals of short sentences or isolated words) depend much on a person that makes this matching. For objective comparison and matching the statistical approach based on analysis of variance (ANOVA) [15] and hypothesis tests can be applied [16] . To obtain serious matching results it is necessary to select the region of interest (ROI) of the input signal. From the chosen ROI area the mean periodogram calculated by the Welch method [17] can be determined. The periodogram for an input signal of a sample sequence [x 1 , . . . , x n ] weighted by a window [w 1 , . . . , w n ] is defined as
This expression represents an estimate of the power spectral density (PSD) of the input speech signal. In our case, periodogram uses an N FFT -point FFT to compute the power spectral density as S e jω /f s where f s is a sampling frequency. The resulting Welch's periodogram in [dB] can be used for subsequent comparison. From these mean periodograms the first three format frequencies F 1 , F 2 , and F 3 can be also determined as the first three local maxima where its gradient changes from positive to negative -see Fig. 3 . For exact numerical comparison (objective matching method) it is possible to calculate the RMS spectral distance D RMS between different periodograms corresponding to the basic sentence in a neutral style and other three sentences in emotional styles. This method enabling objective comparison of the same ROI area (∆T N = ∆T J = ∆T S = ∆T A ) of four spectrograms after speech signal time normalization based on the neutral style is illustrated by the block diagram in Fig. 4 . 
MATERIAL, EXPERIMENTS, AND RESULTS
Speech material for analysis was recorded with the help of the Behringer professional Podcastudio USB with the dynamic cardioid microphone Ultravoice XM8500 and the mixing console Xenyx 502 connected to a personal computer through the UCA200 high-performance audio interface. The collected speech database consists of 72 short sentences (with duration from 0.5 to 1.5 seconds) spoken in four emotional states -neutral, joyous, sad, and angry in Slovak and Czech languages. For every emotional state, the sentences were uttered under three types of conditions: 1. without orthodontic appliances (NO OA), 2. with the lower fixed orthodontic brackets (LF OB), 3. with the upper removable plate and the lower fixed orthodontic brackets (UP LB). It means that there exist always 12 variants for every sentence included in the database, uttered by a female speaker with F0 ≈ 200 Hz, originally recorded at 32 kHz, and resampled to 16 kHz. The parameters settings for spectrogram was chosen in correspondence with the speaker's mean F0 as: window length L W = 180 , window overlapping L O = 40 (in [samples]), and N FFT =1024 for the used sampling frequency f s = 16 kHz.
Full comparison between all sentences represents a 2-D task which is not easy to be solved. In our experiment, we have found an easy way: at first, comparison between the neutral and emotional styles was carried out for the whole sentences. Then, comparison between sentences obtained with different configuration of orthodontic appliances selectively for every emotion was realized. This method reduces comparison task to a 1-D matching process and enables to do detailed analysis of interesting regions. As follows from visual comparison, the orthodontic appliances bring about the most significant spectral changes for voiced speech (see Fig. 5 ). For this purpose the second database consisting of the selected basic vowels "a", "e", "i", "o", "u" and the voiced consonants "m", "n" was created.
Evaluation of spectral analysis of emotional speech affected by orthodontic appliances was carried out in four steps: 1. visual comparison of calculated spectrograms (the whole sentences from the main speech database), 2. statistical comparison of the whole spectrograms by ANOVA and hypothesis tests, 3. visual comparison of the calculated Welch's periodograms (for selected ROI from the database of the vowels and the voiced consonants), 4. numerical matching of results from the calculated RMS spectral distances between corresponding periodograms.
The spectrograms corresponding to speech uttered in different emotional styles with different configurations of orthodontic appliances were evaluated by one-way ANOVA in the second step of our experiment. Then series of t tests and visualization of differences between group means were performed. Obtained results in the form of graphs are presented in Fig. 6 , the numerical results of performed Ansari-Bradley hypothesis tests for 5 % significance level are summarized in Tab. 1. Mean periodograms of the analysed sound database with different configurations of orthodontic appliances with speech uttered in a neutral style are shown in Fig. 7 , calculated corresponding D RMS values are summarized in Tab. 2, Tab. 3 consists of F 1 , F 2 , and F 3 formant frequencies.
Results of detailed analysis of the sound "e" are presented 
DISCUSSION AND CONCLUSION
The statistical approach based on ANOVA analysis with multiple comparison of groups was applied to evaluation of the whole spectrograms (see example in Fig. 5 ). For objective statistical comparison and matching of calculated spectrograms, the hypothesis probability AnsariBradley test (variance) was applied. If is the test of the hypothesis that two independent samples come from the same distribution against the alternative that they come from distributions having the same median and shape but different variances. This test also returns the probability of observing the given result, or one more extreme by chance if the null hypothesis is true. Small values of this probability cast doubt on the validity of the null hypothesis. From comparison of the whole spectrograms next follows, that use of the orthodontic appliance brings about the most significant spectral changes for voiced speech. Therefore the extended analysis of sounds based on Welch's periodograms was subsequently performed. Statistical results of ANOVA analysis together with the results of hypothesis tests in Tab. 1 confirms the effect of the orthodontic appliances on speech uttered in all four emotional styles. According to the obtained results of realized analysis of selected voiced sounds uttered in the neutral style (shown in Tab. 2) based on the mean periodograms calculated by the Welch method, the vowel "e" was chosen for the next detailed analysis. Calculation of the spectral distances of the sound "e" picked from the utterances with different types of the orthodontic appliances and uttered with different emotional colouration was done. As follows from the partial results in Tab. 4 and the detailed results in Tabs. 5 and 6 the most significant changes are observed for less expressive types of speechneutral and sad emotions. Application of the lower fixed orthodontic brackets alone is accompanied by fluctuations and local rise of the magnitude spectrum particularly in the area of higher frequencies (higher than 5 kHz). The overall orthodontic appliances effect (the upper removable plate and the lower fixed orthodontic brackets together) is manifested by suppression of high frequencies, even higher than 4 kHz -see Figs. 8 and 9. These spectral changes appear in all of the analyzed sounds, in the case of the consonants "m" and "n" the differences (spectral distances) were lower due to smaller absolute amplitudes of the speech signal of the vowels. On the other hand, the orthodontic appliances have small influence to the first three formant positions -see results in Tab. 3; it can be also seen in diagrams of F 1 /F 2 , F 1 /F 3 , and F 2 /F 3 mutual frequencies of the sound "e" in Fig. 10 . Finally, a question arises how a speaker wearing the orthodontic appliances can adjust his / her articulation after some training under abnormal conditions. It is a theme for the next study -similar to the influence of "foreign objects" in the mouth, investigated as the wellknown bite-block experiments [18, 19] . The main field of her research and teaching activities has moved from semi-conductor devices towards the design of analog and digital ASICs and neural network implementation onchip.
